The biological activities ofthree purified preparations ofheat-stable enterotoxin (ST), elaborated by different strains of Escherichia coli and known to differ in their amino acid composition and molecular size, were compared in the rabbit ileum. The mechanisms of action and potencies of all three purified STs were similar and resembled those previously demonstrated for partially purified ST. They all increased electrical potential difference and short-circuit current, inhibited active C1-absorption, increased cyclic guanosine 3',5'-monophosphate production, and stimulated particulate guanylate cyclase activity in ileal mucosa. Their molar potencies were also sinilar, the concentrations of toxin required for half-maximal response differing less than fourfold in short-circuit current response and twofold in guanylate cyclase activity. However, there were 10-fold differences in potency when activity was expressed in mouse units per milliliter. Thus, heterogeneity in the size of these three ST molecules is not reflected in a difference in their mechanisms of action or potencies.
Many diarrheagenic strains of Escherichia coli and Yersinia enterocolitica elaborate lowmolecular-weight, polypeptide, heat-stable enterotoxins (STs). It has long been recognized that there is a heterogeneity of responses to STproducing E. coli strains in various host species.
A number of factors may contribute to this heterogeneity-differences in host species (19) , possession of appropriate colonization factors (5) , and the existence of a family of ST molecules rather than a single chemical entity. Recently the latter has been substantiated by the isolation, purification, and characterization of ST molecules elaborated by E. coli strains obtained from different host species. (For the sake of convenience, these ST molecules will be identified on the basis of the host species from which the ST-producing E. coli were isolated, e.g., human ST for ST of an E. coli strain isolated from humans.) Based on amino acid analysis data, purified porcine ST (strain 431) was found to have a molecular weight of 3,580 with 33 amino acid residues, whereas one human ST (strain 18D) was found to be a much smaller molecule with 18 residues and a molecular weight of 1,972 (22) . (Porcine ST was previously reported [1] as having a molecular weight of 5,100 with 47 amino acid residues. However, recent studies [L. A. Dreyfus, J. C. Frantz, and D. C. Robertson, manuscript in preparation] indicate that these estimates were erroneously high due to a 14-amino-acid peptide that cochromatographed with ST.) Based on differences in amino acid composition and heat stability, Kapitany et al. (14) have isolated two distinct ST molecules from a bovine (124, heat labile) and a porcine (1261, heat stable) strain. Burgess et al. (3, 4) identified two ST activities (STa and STb) elaborated by a single porcine E. coli strain (p16). ST. is methanol soluble, can be further resolved into two peaks, and is biologically active in the suckling mouse assay; in contrast, STb is methanol insoluble and inactive in the suckling mouse assay, but induces secretion in weaned pigs.
Recent insights into the mechanism of ST action have provided us with different in vitro procedures that can be used to assay,toxin activity. In rabbit ileum, ST-induced secretion is associated with an increase in transepithelial electrical potential difference and short-circuit current (IS,; short-circuit current is defined as the current needed to nullify the spontaneous transmural potential difference) (8) and an inhibition of Na+ and Cl-absorption (8, 10) ; these changes in ion transport appear to be mediated by an ST-dependent increase in cyclic guanosine 3',5'-monophosphate (cGMP) production and accumulation (increase of particulate guanylate cyclase activity [8, 9, 11, 13, 18] ).
To determine if structurally heterogeneous ST molecules differ in their potencies or mechanisms of action, we compared the effects on rabbit ileum of three highly purified preparations of ST obtained from different E. coli strains by using the following in vitro assay systems: (i) I; (ii) Toxin preparations. ST obtained from porcine strain 431 (pST) and human strain 213 C2 (hST I) were purified in the laboratory of D. C. Robertson and assayed for biological activity as described earlier (1) . A mouse unit was defined as the last dilution of serial twofold dilutions which gave a gut-to-body weight ratio of 0.090 in the suckling mouse bioassay. Recent studies indicate that pST has a molecular weight of 3,580 with 33 amino acid residues. This is smaller than previously published estimates (1). Human ST I has an estimated molecular weight of 3,300 to 3,500 with approximately 30 amino acid residues. For this study, we have assumed its molecular weight to be 3,400.
A third preparation from human strain 18D (hST II) was purified in the laboratory of R. A. Giannella and assayed for biological activity as described earlier (22) . A mouse unit was defined as the dilution which gave a gut-to-body weight ratio of 0.083 in the suckling mouse bioassay. This human ST preparation has 18 amino acid residues and a molecular weight of 1,972.
To enable normalization of experimental variations in cyclase assays, a fourth partially purified preparation of ST was included as a standard in each assay. This preparation (from strain h36023) was similar in its method pf purification and characteristics in in vitro assays to that described earlier (8) .
Electrical and Cl flux measurements. Pieces of rabbit distal ileum were stripped of serosa and muscularis and mounted in Ussing chambers as previously described (7, 20) . The tissues were bathed in HCO3-buffered Ringer solution containing (in millimoles/liter): NaCl, 50; KCI, 10; NaH2PO4, 0.3; Na2HPO4, 1.65; NaHCO3, 25; CaCl2, 1.25; MgCl2, 1.1; Na2SO4, 31.25; and mannitol, 31.25. Solutions were maintained at 37°C and bubbled with 5% CO2 in 02-Measurements of electrical potential difference, conductance (Gt), Isa, and unidirectional fluxes from mucosa (m) to serosa (s) and s to m were determined as previously described (7) . To determine the effects of varying concentrations of toxin on I,, increasing amounts were added to the same tissue. We have previously shown (8) that ST elicits the same dose-response curve whether increasing doses are added to the same tissue or to separate tissues.
cGMP measurements. After determining electrical responses, tissues were transferred in less than 20 s from flux chambers into 3 ml of 5% cold trichloroacetic acid containing 0.2 pmol of [3H]cGMP as recovery marker. The samples were then processed for cGMP assay as described by Smith and Field (20) . cGMP was determined by radioimmunoassay of the acetylated derivative (12) .
Guanylate cyclase assay. Membranes were prepared and the assay was performed as previously described (17) . The final assay mixture (45 1d) contained [a-32P]GTP (1 ,uCi; 0.4 mM), 5 mM MgCl2, 0.1 mM MnCl2, 50 mM tris(hydroxymethyl)aminomethane-hydrochloride, 10 mM phosphocreatine, 2 U of creatine phosphokinase per tube, and 50,M cGMP. Proteins were measured by the method of Lowry et al. (16) .
To overcome experimental variations, changes in guanylate cyclase activity have been normalized to that produced by the partially purified standard preparation (see above). In every guanylate cyclase experiment, both basal activity and the activity in response to a maximally stimulating dose of this standard ST were determined. Changes in enzyme activity produced by the tested toxin were expressed as a percentage of the changes produced by this dose of the standard toxin.
RESULTS
Comparison of effects of pST, hST I, and hST II on ion transport. (i) Short-circuit current. The characteristics of the electrical responses to all three purified preparations of ST were similar to those previously reported for partially purified ST preparations of E. coli and Y. enterocolitica (8, 17) . All three of the purified STs elicited rapid (maximal within 5 min) and persistent increases in electrical potential differ- (Table 3) .
(ii) Guanylate cyclase activity. All three toxin preparations caused similar maximal increments in enzyme activity and displayed similar molar potencies (Fig. 3) . In contrast, when enzyme activities were plotted against ST concentrations in mouse units, the potencies varied 1____________________ considerably (Fig. 4) (ii) Transepithelial Cl fluxes. Table 2 shows the effects of pST, hST I, and hST II on unidirectional and net Cl fluxes across shortcircuited ileal epithelium. The concentrations of toxins used were those which gave near-maximal stimulation of guanylate cyclase activity (see Fig. 3 In each experiment, basal activity and activity in response to a maximal dose ofapartiallypurified toxin (standard; see text for further characterization) were also determined. All values (determined as picomoles of cGMP formed/milligram ofprotein per 10 min) were expressed as a percentage of standard, i.e., (activity of tested toxin -basal) x 100) + (activity of standard -basal). stimulation of guanylate cyclase was 7.5-fold their effects on rabbit ileum. All three STs ingreater than that for stimulation of I.c. creased electrical potential difference and Isc, DISCUSSION inhibited active Cl absorption, and increased cGMP production. In addition, the magnitudes
The present study demonstrates that three of response elicited by the toxins in all of the purified STs known to be structurally hetero-above parameters were markedly similar to each geneous exhibit little if any heterogeneity in other and to those previously demonstrated with a partially purified preparation of toxin (8) . Furthermore, when calibration of ST was based on molar concentration, the three STs display similar potencies, differing in Km less than fourfold in I,,< response (Table 1 , Fig. 1 ) and about twofold in cyclase activity (Table 4, Fig. 3 ). It is currently uncertain whether these small differences in molar potencies are significant since the small number of animal studied could in itself account for these variations. It is also unknown whether the threefold-lower sensitivity of hST II relative to pST and hSTI in I,,4 but not in cyclase assays signifies an inherent difference in the efficacy of the two assay systems. In contrast to the similarities in molar potencies, when ST is calibrated by the suckling mouse bioassay, there is an apparent heterogeneity in the potencies of the three STs, ranging from 6-fold in Ic responses (Fig. 2 ) to 10-fold in guanylate cyclase activity (Fig. 4) . However, it is not surprising that ST activities expressed in mouse units should ap- (21) . These findings imply that the active site of ST. molecules must be contained in this 18-amino-acid sequence. Our results suggest that heterogeneity in the size of the three ST. molecules does not alter either their biological activity or their potency in rabbit ileum. It is conceivable, however, that the structural differences in these STs result in speciesspecific differences in potency; i.e., pST may be more potent than hST in pig intestine.
The present study also demonstrates that all three purified STs appear to be less sensitive in the guanylate cyclase assay than in the Lc assay by approximately eightfold. A similar discrepancy was observed with partially purified STs 8, 17) . Lower sensitivities for adenylate cyclase activity as compared with those for physiological responses have also been observed in the action of a number of cyclic 3',5'-adenosine monophosphate-mediated hormonal systems (2) . Although the reason for this discrepancy is uncertain, it may be attributed to two factors: (i) loss of sensitivity with cell disruption and (ii) maximal transport changes occurring at submaximal changes in enzyme activity. The two assays are conducted in different tissue preparations-Ic in whole cells and cyclase in a cell-free particulate fraction. The process of cell rupture and membrane isolation may have altered the conformation ofthe toxin receptor site, the receptorcyclase coupling mechanism, or both. It is also possible that in the case of ST, maximal biological response (I,) is achieved at submaximal stimulation of cyclase activity, since it was previously demonstrated that a partially purified preparation of ST continued to increase cGMP concentrations after the Ic responses had essentially become maximal (8) . Similarly, cholera toxin increases cyclic 3'-5'-adenosine monophosphate concentrations to a far greater extent than theophylline, although they both cause similar increases in Ic (6, 15) .
